Introduction
Spatial and temporal regulation of actin polymerization are critical for cellular processes such as cell migration and endocytosis (Welch and Mullins, 2002; Engqvist-Goldstein and Drubin, 2003) . Because nucleation is rate limiting for actin polymerization, regulation of this step controls when and where actin is assembled in cells. An important nucleator of actin filaments is the Arp2/3 complex, a seven subunit complex that includes two actin-related proteins (Arps) 2 and 3 (Welch and Mullins, 2002) . The Arp2/3 complex nucleates actin filaments de novo, and from the sides of preexisting filaments, generating a branched filament array (Blanchoin et al., 2000) resembling those observed at the leading edge of certain motile cells (Svitkina and Borisy, 1999) . Nucleation promoting factors (NPFs), such as members of the Wiskott-Aldrich syndrome protein (WASP) family of proteins, activate Arp2/3 complex nucleation activity, allowing regulated actin assembly that can generate forces in cells (Welch and Mullins, 2002) . Elucidating the mechanisms that regulate Arp2/3 complex function is essential for understanding the dynamics of actin-based force generation.
Nucleotide binding plays a critical role in regulation of actin dynamics. ATP binding by actin promotes actin filament assembly by closing the nucleotide-binding pocket (NBP). ATP hydrolysis and P i release results in a transition from the "closed" to the "open" state, promoting actin filament disassembly (Belmont et al., 1999a; Sablin et al., 2002) . Similarly, Arp2 and Arp3 bind ATP, and the Arp2/3 complex requires ATP for nucleation (Dayel et al., 2001; Le Clainche et al., 2001 ). Arp2 ATP hydrolysis was linked to both the dissociation of actin filament branches (Le Clainche et al., 2003) , and to nucleation (Dayel and Mullins, 2004) . In the crystal structure of nucleotide-free Arp2/3 complex, the Arp2 and Arp3 NBPs resemble that of actin in the "open" conformation (Robinson et al., 2001) . Thus, ATP binding may close the NBPs of Arp2 and Arp3 such that they can serve as a nucleus for actin polymerization.
In addition to regulating the association of the Arp2/3 complex with actin, nucleotide binding by Arp2/3 complex is linked to NPF binding. ATP-bound Arp2/3 exhibits higher affinity for NPFs than ADP-bound complex (Dayel et al., 2001) . Furthermore, Arp2 ATP binding was reported to be enhanced by NPFs, and to be required for efficient Arp2/3 complex activation (Le Clainche et al., 2001 ). Similar to ATP, actin filaments also enhance Arp2/3 complex affinity for NPFs . Because Arp2 and Arp3 are splayed apart in the crystal structure of the inactive Arp2/3 complex (Robinson et al., 2001) , it is possible that the cooperative binding of ATP, NPFs, and actin filaments bring Arp2 and Arp3 together to form a template dimer for nucleation. Cryo-electron microscopy of the Arp2/3 complex in actin filament branches revealed that a large conformational change in the Arp2/3 complex represented in the crystal model is required for Arp2/3 activation (Volkmann et al., 2001 ). These conformational changes are likely to be influenced by the nucleotide state of Arp2 and Arp3.
Although ATP has been demonstrated to be important for Arp2/3 nucleation in vitro, the contributions of ATP-bound Arp2 or Arp3 to in vitro and in vivo function have not been determined individually. Here, we generated NPB mutations of S. cerevisiae Arp2 and Arp3 to explore the individual contributions of nucleotide to the function of each protein.
Results

Identification of Arp2 and Arp3 mutants that affect nucleotide binding
To test the function of ATP binding by Arp2 and Arp3, we generated 26 site-directed mutations that changed conserved residues in the NBPs of these two proteins ( Fig. 1 ; Table S1 , available at http://www.jcb.org/cgi/content/full/jcb.200408177/DC1). We attempted to make mutations that would affect nucleotide affinity, hydrolysis, and exchange. Mutants were chosen based on previous mutations of actin (Wertman et al., 1992; Chen et al., 1995; Belmont and Drubin, 1998; Belmont et al., 1999b) and on predictions based on the actin crystal structure (Kabsch et al., 1990; Vorobiev et al., 2003) . Residue numbers used to refer to mutants correspond to the amino acid position in the yeast actin sequence. Mutants were integrated into the endogenous ARP2 and ARP3 chromosomal loci and were assessed for growth on different media (Table S1 ). Immunoblotting revealed that mutants expressed wild-type levels of Arp2 and Arp3 (unpublished data). Although viable arp2 ⌬ and arp3 ⌬ mutant strains have been observed (Winter et al., 1999) , deletion of either gene resulted in lethality under our growth conditions. Surprisingly, all but one of the integrated Arp2 and Arp3 mutants were viable, suggesting that they retain partial function, and allowing further characterization of their effects.
Because ATP is required for Arp2/3 nucleation activity in vitro (Dayel et al., 2001; Le Clainche et al., 2001) , we predicted that mutants affecting ATP binding would decrease Arp2/3 function in vivo. Two mutants predicted to lower nucleotide binding affinity, arp3-D11A and arp3-G302Y , showed growth defects at high temperature and high osmolarity (Table S1 ). The arp3-D11A mutant was predicted to lower nucleotide affinity by removing an aspartic acid that interacts with divalent cation, Figure 1 . Arp2 and Arp3 residues chosen for mutagenesis. Crystal structure of actin and NBPs of actin, Arp2, and Arp3 (Kabsch et al., 1990; Robinson et al., 2001) . Subdomains of actin are indicated with Roman numerals. Because subdomains I and II of Arp2 are not present in the crystal structure, the backbone of actin was substituted. Altered residues, ATP (blue), and Ca 2ϩ (orange) are identified by colors. Residue numbers correspond to the yeast actin peptide sequence.
whereas the arp3-G302Y mutant was predicted to prevent nucleotide binding by introducing a tyrosine into the adenine-binding pocket. Interestingly, the analogous Arp2 mutations, arp2-D11A and arp2-G302Y , exhibited less severe growth phenotypes. To further analyze the effects of these mutants, we crossed arp3-G302Y and arp2-G302Y to several arp2 and arp3 alleles, respectively. In addition, we crossed these mutants to las17-11 , a temperature-sensitive allele of the gene encoding a yeast WASP-like NPF (Duncan et al., 2001) . arp2-G302Y and arp3-G302Y showed synthetic lethality with each other and with las17-11 (Table I ). In addition, arp2-G302Y and arp3-G302Y exhibited synthetic lethality with arp3-D11A and arp2-D11A , respectively (Table I) . Thus, the arp2-D11A, arp3-D11A, arp2-G302Y, and arp3-G302Y mutants impaired Arp2/3 function in vivo, possibly indicating a defect in nucleotide binding. Surprisingly, we identified two mutants, arp2-D157E and arp2-Y306A, that partially suppressed the arp3-G302Y phenotype, with arp2-Y306A being the stronger suppressor (Table I) . Suppression was not allele specific because arp2-Y306A also partially suppressed arp3-D11A and las17-11 (Table I). In addition, arp2-Y306A exhibited intragenic suppression of arp2-G13C (Table I ). The analogous Arp3 mutation, arp3-F306A, suppressed both arp2-D11A and arp3-G15C (Table I) . Thus, arp2-Y306A and arp3-F306A represented a class of NBP mutant that appeared to increase the activity of the Arp2/3 complex.
ATP binding to Arp2 and Arp3 mutants
To determine if the D11A , G302Y , and Y(F)306A mutations affected nucleotide binding, we purified the Arp2/3 complex from these mutants (Fig. 2 A) . Similar amounts of purified protein were obtained for each strain and most of these mutant complexes showed normal subunit compositions. However, we were unable to determine the stoichiometry of Arc40 due to its abnormal mobility on SDS-PAGE gels (Pan et al., 2004) . Interestingly, Arp2/3 complex from arp2-D11A exhibited noticeable Arp3 degradation, indicating that Arp2 can contribute to the stability of Arp3 (Fig. 2 A) .
The ability of mutant complexes to bind ATP was assessed using a photo-cross-linking assay previously used to examine ATP binding to the Arp2/3 complex (Dayel et al., 2001; Le Clainche et al., 2001 (Fig. 2 B ; Dayel et al., 2001 ). The arp2-G302Y and arp3-G302Y mutations dramatically decreased ATP cross-linking to Arp2 and Arp3, respectively, which is consistent with the prediction that this change sterically inhibits nucleotide binding (Fig. 2 B) . These mutations did not affect ATP cross-linking by the nonmutated Arp subunit, suggesting that ATP binding by Arp2 and Arp3 are independent, although we cannot rule out subtle effects on conformation. Surprisingly, the arp2-Y306A and arp3-F306A mutations also decreased ATP cross-linking to Arp2 and Arp3, respectively, despite their ability to suppress other mutants. However, Arp2-Y306A ATP cross-linking was reproducibly increased to ‫ف‬ 70% of wild type by Las17 WCA (Fig. 2 B) . The arp2-D11A and arp3-D11A mutations had a lesser effect on nucleotide cross-linking, suggesting that these mutants have milder effects on ATP binding (Fig. 2 B) .
We confirmed the ATP binding defects of our mutants using a fluorescent derivative of ATP, etheno-ATP, which increases in fluorescence upon binding to the Arp2/3 complex. Although this assay is more quantitative than the cross-linking assay, it cannot be used to distinguish between binding to Arp2 or Arp3 in the wild-type Arp2/3 complex. We found that wildtype yeast Arp2/3 complex binds to etheno-ATP with a K d of 2.3 M (Fig. 2 C) . Arp2/3 complex from arp3-G302Y and arp3-F306A was saturated with etheno-ATP at ‫ف‬ 25% the fluorescence of wild-type Arp2/3 complex, further suggesting that Arp3-G302Y and Arp3-F306A did not bind ATP under these ). arp3-D11A Arp2/3 complex showed a greater fluorescence increase, but exhibited a 15-fold higher K d , suggesting that Arp3-D11A bound etheno-ATP with lower affinity (Fig. 2 C) . In contrast, arp2 mutant complexes exhibited similar affinity to wild-type Arp2/3 complex and only moderately decreased the fluorescence at saturation (Fig. 2 D) . Thus, the fluorescence increase is mostly due to Arp3 etheno-ATP binding, with a calculated K d of ‫2ف‬ M, similar to the previously determined value (Dayel et al., 2001) . Overall, the cross-linking and etheno-ATP binding experiments demonstrated that the D11A, G302Y, and Y(F)306A mutants lower the affinity of Arp2 and Arp3 for ATP, with the G302Y mutant being most severely defective.
Arp3 nucleotide binding is required for normal actin organization and endocytosis
The Arp2/3 complex localizes to yeast cortical actin patches (Moreau et al., 1996; Winter et al., 1997) , and Arp2/3 complex mutants show defects in actin patch polarity (Moreau et al., 1996; Madania et al., 1999; Winter et al., 1999) and in endocytosis (Moreau et al., 1996 (Moreau et al., , 1997 . To test the importance of Arp2 and Arp3 nucleotide binding in vivo, we first examined actin cytoskeleton organization in fixed cells using rhodamine phalloidin. At 25ЊC, actin patches in arp2-D11A, arp3-D11A, and arp3-G302Y mutants were more depolarized than in wildtype cells ( Fig. 3 A, Table II ). In addition, ‫%02-01ف‬ of arp3-G302Y cells and a few percent of arp2-D11A and arp3-D11A cells exhibited cable-like actin aggregates, similar to those previously observed in arp3-2 mutant cells (Winter et al., 1997) . Actin patches became almost completely depolarized when arp3-D11A and arp3-G302Y cells were shifted to the restrictive temperature of 37ЊC for 1 h (Fig. 3 A) . Consistent with previous findings (Winter et al., 1999) , actin cables were present in all mutants at all temperatures. In contrast to arp3-G302Y, actin patches in arp2-G302Y were of normal size and were polarized at both 25ЊC and 37ЊC (Fig. 3 A) . The Arp2/3 complex localized to actin patches in both arp2 and arp3 mutants, although with slightly less intensity than in wild-type cells (Fig. 3 B) . We were unable to examine arp3-G302Y localization because of synthetic sickness with HA-tagged ARC18. Interestingly, actin organization and Arp2/3 localization in arp2-Y306A and arp3-F306A mutants were indistinguishable from wild type (unpublished data), suggesting that these mutants did not decrease Arp2/3 activity. Because the Arp2/3 complex and actin patches have been implicated in yeast endocytosis (Moreau et al., 1996 (Moreau et al., , 1997 Kaksonen et al., 2003) , we tested endocytic function by visualizing uptake of the fluid phase dye, Lucifer yellow (LY) at 25ЊC. The arp3-D11A and arp3-G302Y mutants showed a dramatic reduction in LY staining in the vacuole (Fig. 3 C) .
However, the arp2-Y306A and arp3-F306A mutants showed similar LY internalization to wild-type cells (Table II) . The arp2-Y306A mutant suppressed the LY internalization defect of arp3-G302Y (Fig. 3 C) . Importantly, LY uptake was only moderately impaired in arp2-G302Y and arp2-D11A mutant cells, which is consistent with the more mild effect on growth and actin organization (Fig. 3 C) . Therefore, Arp3 nucleotide binding is more important compared with Arp2 nucleotide binding for endocytosis, the major function of cortical actin patches. Table II .
Arp3 nucleotide binding is required for
Abp1 and Sla1 internalization
We next determined which steps in endocytic internalization are affected in Arp3 mutants. An endocytic pathway has been elucidated in which the behavior of yeast cortical patches is correlated with invariant changes in the protein composition of these patches over time (Kaksonen et al., 2003) . Early components of this pathway, such as the endocytic adaptor Sla1, assemble as patches at the plasma membrane and remain stably associated with the membrane until they are internalized after ‫03-02ف‬ s. Late patch components, such as actin, Arp2/3 complex, and the actin filament binding protein, Abp1, are recruited to Sla1 containing patches later, and movement of actin and Abp1 off the plasma membrane coincides with Sla1 internalization. The Arp2/3 complex has previously been shown to be important for actin patch motility (Winter et al., 1997) , but its importance in the context of the recently defined endocytic pathway had not yet been investigated.
Abp1-GFP, a marker for filamentous actin, and Sla1-GFP were crossed to the D11A, G302Y, and Y(F)306A mutants to visualize the dynamics of these proteins in live mutant cells. Similar results were obtained using either Sac6-GFP or Abp1-GFP as a marker for actin (unpublished data), demonstrating that Abp1-GFP is a suitable marker for filamentous actin in these cells. The arp2-D11A, arp3-D11A, and arp3-G302Y mutants significantly decreased internalization of both Abp1 and Sla1 patches at 25ЊC (Fig. 4 , A and B; Table II ; Videos 1 and 2, available at http://www.jcb.org/cgi/content/full/ jcb.200408177/DC1). This internalization defect resulted in significantly longer lifetimes for Sla1 cortical patches in these arp2 and arp3 mutants (Table II) . In contrast, internalization of Abp1 and Sla1 patches was only moderately reduced in the arp2-G302Y mutant (Fig. 4, A and B, Videos 1 and 2). Thus, Abp1 and Sla1 internalization defects correlated with endocytosis defects observed by LY uptake, which is consistent with the conclusion that patch internalization represents endocytic internalization (Kaksonen et al., 2003) . The arp2-Y306A mutant, while exhibiting wild-type Abp1 and Sla1 patch internalization, partially suppressed the internalization defects of arp3-G302Y, which is consistent with its suppression of the LY internalization defect (Fig. 4 A, Table II ).
The internalization defects of Arp3 mutants could have resulted from loss of spatial or temporal regulation of actin assembly at endocytic sites. Interestingly, the rate of Abp1 patch assembly was slightly decreased in both arp2-G302Y and arp3-G302Y (Fig. 4 C) , resulting in longer Abp1 patch lifetimes in these mutants (Table II) . In addition, the onset of actin assembly was significantly delayed in both arp2-G302Y and arp3-G302Y relative to the initial appearance of Sla1 patches (Fig. 4 D) . Thus, nucleotide-bound Arp2 and Arp3 are required to initiate actin polymerization at endocytic sites with the proper timing. However, the internalization defects observed in arp3-G302Y could not be explained by actin assembly defects.
Arp2 and Arp3 mutants form defective actin comet tails in sla2⌬ mutants
To further investigate the basis for the Arp3 mutant internalization defect, we analyzed the effects of the arp2-G302Y and arp3-G302Y mutants on actin polymerization at endocytic sites by taking advantage of the sla2⌬ mutant phenotype. Deletion of the SLA2 gene blocks Sla1 internalization and results in the formation of actin comet tails that associate with Sla1-containing patches at the plasma membrane (Kaksonen et al., 2003) . Clusters of actin comet tails can be observed in sla2⌬ cells expressing GFP-tagged actin, and the treadmilling rate can be measured by the directional FRAP (Kaksonen et al., 2003) .
Surprisingly, photo-bleaching of actin comet tails in sla2⌬ arp2-G302Y or sla2⌬ arp3-G302Y mutants revealed that Fig. 2 (C and D) as described in Materials and methods. Actin polarization: calculated as % of small-budded cells containing Ͻ5 patches in the rear of the mother cell at 25°C and 37°C (parentheses). Actin was visualized with rhodamine phalloidin. LY (Lucifer yellow) uptake: measured visually as the % of the cells exhibiting bright vacuolar staining (Fig. 3 C, WT) versus faint or lack of staining ( Fig. 3 C, arp3-G302Y ). Abp1 motility and Sla1 motility: average % of motile patches Ϯ SD as determined from at least 60 patches for each strain. Parentheses: average lifespan Ϯ SD of patches in seconds as determined from at least 20 patches for each strain. Nucleation activity: fraction of barbed ends generated relative to wild type. nd, not determined.
the rate of actin treadmilling was only slightly reduced compared with the rate in wild-type cells (Fig. 5 A) . This was consistent with the relatively normal assembly of actin at endocytic sites described above. Importantly, however, the continuity of actin tails in sla2⌬ arp3-G302Y cells was severely disrupted. Whereas actin tails in sla2⌬ mutants appeared smooth and continuous, all sla2⌬ arp3-G302Y actin tails exhibited a broken structure (Fig. 5 B, Video 3, available at http: //www.jcb.org/cgi/content/full/jcb.200408177/DC1). In these mutants, clumps of actin appeared to separate from the plasma membrane and to move into the cytoplasm at a continuous rate (Fig. 5 C) . This phenotype was also observed for 40% of sla2⌬ arp2-G302Y tails ( Fig. 5 B and C) , although the remaining tails appeared similar to wild-type. Thus, the arp3-G302Y mutant, which has an endocytic internalization defect, more severely affected the continuity of actin comet tails.
In vitro nucleation activity of Arp2 and
Arp3 mutants
To determine whether the more severe endocytic defects of Arp3 mutants versus Arp2 mutants reflected lower Arp2/3 nucleation activity, we used the pyrene-actin assembly assay. The in vitro nucleation activity of mutant Arp2/3 complexes activated by full-length Las17 (Rodal et al., 2003) was examined. Unless otherwise noted, we used 500 M ATP in our assays to approximate physiological conditions. Surprisingly, the Arp2/3 complex from arp2-G302Y, which had only a subtle effect in cells, and the Arp2/3 complex from arp3-G302Y and arp3-D11A, which caused severe effects in cells, exhibited a similar decrease in activity (Fig. 6,  A and B) . The nucleation activity of these mutant Arp2/3 complexes was equivalent to that exhibited when the concentration of wild-type Arp2/3 complex was lowered 20-fold (Fig. 6 A) . Arp2/3 complex from arp2-D11A showed the lowest nucleation activity, which is consistent with this mutant affecting Arp3 stability as well as Arp2 nucleotide binding (Fig. 6 B) . The nucleation activities of arp2-G302Y and arp3-G302Y Arp2/3 complex were similar to each other with different concentrations of NPF, nucleotide, and actin, as well as with the NPFs Pan1 and Abp1 (Fig. 6 , B and C, not depicted). In addition, arp2-G302Y and arp3-G302Y Arp2/3 complexes exhibited a similar reduction in the number of Y-branches formed compared with wild-type Arp2/3 complex (Fig. 6 D) . Therefore, the endocytic defects of the arp3-G302Y mutant did not correlate with effects on Arp2/3 nucleation or branch formation activities. Interestingly, we found that whereas wild-type Arp2/3 nucleation activity was saturated at 200 nM Las17, arp2-G302Y and arp3-G302Y were not, suggesting that these mutants might decrease nucleation activity in part by lowering the affinity for NPF (Fig. 6 B) . To test this hypothesis, we pulled down Arp2/3 complex with various amounts of WCA-coated beads. Wildtype Arp2/3 complex bound Las17 WCA with a K d of ‫4ف‬ M, slightly higher than that reported for WCA from WASP and N-WASP (0.2-2 M; Dayel et al., 2001; Le Clainche et al., 2001; Marchand et al., 2001; Panchal et al., 2003) . Surprisingly, both arp2-G302Y and arp3-G302Y Arp2/3 complexes bound Las17 WCA with similar affinity to the wild-type Arp2/3 complex (Fig. 6 E) . Furthermore, neither arp2-G302Y nor arp3-G302Y significantly affected Arp2/3 affinity for the sides of actin filaments (unpublished data). Thus, the low activity of these mutants was not due to reduced NPF affinity.
Because arp2-Y306A and arp3-F306A suppressed Arp2/3 mutant phenotypes in vivo, we purified Arp2/3 complex from arp2-Y306A and arp3-F306A to determine the biochemical basis for this suppression. Despite lowering affinity for ATP (Fig.  2) , arp3-F306A Arp2/3 complex exhibited wild-type nucleation activity, whereas the arp2-Y306A Arp2/3 complex increased nucleation activity with the NPF Las17, exhibiting an activity equivalent to a fourfold higher concentration of wild-type Arp2/3 complex (Fig. 6, B and F) . In addition, arp2-Y306A exhibited two-to fourfold higher activity in the absence of an NPF, similar to that of wild-type Arp2/3 complex activated with the less active Las17 WCA (Fig. 6 G) . Despite this increase in activity, the arp2-Y306A mutant did not restore nucleation activity to Arp2/3 complex containing arp3-G302Y (Fig. 6 H) , and it failed to rescue Arp3 nucleotide binding of arp3-G302Y (Fig. 2 C) , suggesting that in vivo suppression by the arp2-Y306A mutant does not simply restore nucleotide binding to Arp3.
The arp2-Y306A suppressor results in a conformational change that mimics
Arp2/3 complex activation
We next used electron microscopy and image analysis to identify conformational changes that occur upon activation of wild-type Arp2/3 complex. In addition, because the Arp2/3 complex containing the arp2-Y306A mutant exhibited constitutive activity similar to wild-type Arp2/3 complex activated by Las17 WCA (Fig. 6 G) , we tested whether the arp2-Y306A mutation mimics the Arp2/3 complex activation step induced by NPF binding. Non-activated wild-type Arp2/3 complex, the arp2-Y306A Arp2/3 mutant, and wild-type Arp2/3 complex bound to Las17 WCA, were imaged by electron microscopy in negative stain (Fig. 7) . Single-particle analysis resulted in three reconstructions at ‫5.2ف‬ nm resolution (Fig. 7 E) , considerably higher than the 3.9 nm resolution previously reported for the yeast Arp2/3 complex (Volkmann et al., 2001) . Fitting the atomic model of the nonactivated bovine Arp2/3 complex (Robinson et al., 2001 ) into the three-dimensional maps revealed that the overall morphology of all three reconstructions resembles that of the crystal structure (Fig. 7 A) . However, differences in the density distribution between the activated and the nonactivated wild-type Arp2/3 reconstructions are clearly visible in the Arp2 and Arc15 regions (Fig. 7, B and D) . This observation shows for the first time a distinct structural change upon Arp2/3 complex activation by WCA. Interestingly, no significant differences were observed when the nonactivated arp2-Y306A mutant reconstruction was compared with the activated wild-type Arp2/3 map. Thus, the structural changes induced by NPF binding in the wild-type Arp2/3 complex are similar to those observed in the mutant complex in the absence of NPF. These structural similarities explain the close resemblance of the nucleation activities of the mutant and the activated wild-type Arp2/3 complex (Fig. 6 G) and suggest that arp2-Y306A suppresses other mutants by causing the Arp2/3 complex to resemble the active conformation.
Discussion
We have generated mutants that affect either Arp2 or Arp3 nucleotide binding. Based on the effects of these mutants on en- docytosis and in vitro nucleation activity, we present a model for the functions of nucleotide-bound Arp2 and Arp3 in Fig. 8 . First, ATP-bound Arp2 and Arp3 are both required for full activation of the Arp2/3 complex by NPFs in vitro (Fig. 8 A) . Moreover, a structural change in Arp2 accompanies activation of the Arp2/3 complex by an NPF, as observed by electron microscopy. The resulting nucleation activity is important for efficiently initiating actin polymerization at endocytic sites (Fig.  8 B, i) . Once actin filaments are nucleated, actin assembly can proceed, albeit more slowly, with minimal Arp2/3 nucleation activity. Finally, Arp2/3 complex, particularly nucleotide binding by Arp3, plays a yet to be defined role, possibly anchoring actin filaments to each other and to the plasma membrane, to allow polymerization forces to be harnessed for endocytic internalization (Fig. 8, A and B, ii) . The evidence supporting this model is discussed below.
Importance of Arp2 and Arp3 nucleotide binding for actin filament nucleation
Of the mutants we characterized, arp2-G302Y and arp3-G302Y most dramatically inhibited ATP binding to Arp2 and Arp3, respectively. Previous studies reported that ATP binding is required for Arp2/3 complex nucleation activity, but these studies were unable to tease apart the individual contributions of ATP binding to Arp2 versus Arp3 (Dayel et al., 2001; Le Clainche et al., 2001) . Here, we demonstrated using the G302Y mutants that ATP-bound Arp2 and Arp3 both contribute to Arp2/3 nucleation activity in vitro. Importantly, raising the ATP concentration to physiological levels did not increase the in vitro nucleation activity of these mutant complexes, suggesting that their nucleation activities in vivo resemble those of nucleotide-free Arp2 and Arp3 complexes.
Previous studies suggested that nucleotide-bound Arp2 and Arp3 are important for WCA binding (Dayel et al., 2001 ). Interestingly, arp2-G302Y and arp3-G302Y Arp2/3 complexes bound WCA with similar affinity to the wild-type complex, demonstrating that the decreased activity of these mutants is not due to reduced NPF binding. A recent study probed conformational states of the human Arp2/3 complex using fluorescence resonance energy transfer (FRET) between fluorophores attached to different subunits of the complex (Goley et al., 2004) . Using increase in FRET to monitor WCA binding, it was demonstrated that the arp2-D11A and arp3-D11A mutants reduce the ability of WCA to induce conformational changes in the Arp2/3 complex (Goley et al., 2004) . Previous studies using mutations in WCA also suggested the existence of distinct WCA-binding and WCA-activation steps during Arp2/3 activation Panchal et al., 2003) . These results support a model in which NPF-mediated Arp2/3 activation requires ATP bound to Arp2 and Arp3.
Interestingly, the arp3-D11A mutant, which was expected to bind ATP in our nucleation assays, had a similar nucleation defect to the arp3-G302Y mutant. This result suggested that the arp3-D11A mutation caused structural changes in the Arp2/3 complex even when nucleotide was bound to Arp3. Consistent with this interpretation, both the arp3-D11A and arp3-G302Y mutants prevented conformational changes in human Arp2/3 complex that occur upon Arp3 nucleotide binding as assessed by FRET (Goley et al., 2004) . Thus, the arp3-D11A mutant appears to uncouple conformational changes in the Arp2/3 complex from Arp3 nucleotide binding, mimicking the nucleotide-free arp3-G302Y mutant. The similarity of the in vivo and in vitro phenotypes of the arp3-D11A and arp3-G302Y mutants suggests that defects in these mutants are specifically related to Arp3 nucleotide binding. In addition, the dramatic endocytic phenotypes seen in arp3-D11A and arp3-G302Y demonstrate the importance of this conformational change to Arp2/3 function in vivo.
Mechanism of Arp2/3 complex activation
Using genetic crosses of our Arp2 and Arp3 mutants, we found that arp2-Y306A and arp3-F306A are suppressors of Arp2/3 complex defects. Interestingly, Arp2/3 complex purified from arp2-Y306A, but not from arp3-F306A, increased the nucleation activity of the Arp2/3 complex with and without Las17. This difference in activity was also seen in vivo, as arp2-Y306A, but not arp3-F306A, was able to suppress las17-11, identifying a possible functional difference between Arp2 and Arp3. Because the NBP is critical for regulating actin structure, (Merrifield et al., 2002; Kaksonen et al., 2003) affected by Arp2 and Arp3 nucleotide-binding mutants. Both Arp2 and Arp3 mutants affect the initiation and the rate of actin assembly at endocytic sites (i), but Arp3 mutants more dramatically inhibit internalization of endocytic proteins as a consequence of defects in actin network structure and integrity (ii).
and because changes in the Arp2 region were visible in electron microscopy reconstructions of wild-type Arp2/3 complex upon activation, we speculated that the arp2-Y306A mutant causes a conformational change that increases activities of the Arp2/3 complex.
Because arp2-Y306A Arp2/3 complex exhibited similar nucleation activity to wild-type Arp2/3 complex activated by Las17 WCA, we examined the conformation of this mutant by comparing its structure to both inactive and WCA-bound wildtype Arp2/3 complex. Indeed, in three-dimensional reconstructions, arp2-Y306A Arp2/3 complex resembled wild-type Arp2/3 complex activated by Las17 WCA, showing a similar difference in the region corresponding to Arp2. Previous evidence demonstrating that NPFs enhance Arp2 nucleotide binding support a conformational change in Arp2 upon NPF binding (Le Clainche et al., 2001) . Because it has been proposed that the Arp2/3 complex must undergo a large conformational change to bring Arp2 and Arp3 together to form a template dimer (Robinson et al., 2001; Volkmann et al., 2001) , we suggest that a conformational change in Arp2 is a critical step in this process.
It was surprising that a mutant that lowers affinity for ATP results in Arp2/3 activation. However, this lower affinity might indicate greater conformational flexibility of the NBP, allowing Arp2 to adopt an active conformation in the absence of an NPF. Interestingly, changing F306 in yeast actin to tyrosine increased the specificity of yeast actin for ATP versus GTP (Wen et al., 2002) , possibly indicating a more compact conformation. We also found that in addition to the arp2-Y306A mutant, the arp2-D157E mutant also suppressed arp3 mutants. In actin, this mutation has been shown to increase the nucleotide exchange rate (Wolven et al., 2000) , suggesting a more open conformation for the NBP. We speculate that the conformational changes observed in the arp2-Y306A Arp2/3 complex result from greater conformational flexibility of the Arp2 NBP.
Function of Arp2 and Arp3 nucleotide binding during endocytosis: general biological implications
Analysis of actin organization and endocytosis in arp2-G302Y and arp3-G302Y demonstrated an important functional difference between nucleotide binding by Arp2 versus Arp3 in vivo. The arp3-G302Y mutant caused severe endocytic defects, whereas arp2-G302Y showed only slight defects. However, the in vitro nucleation activities of these two mutants were indistinguishable. Importantly, the arp3-G302Y mutant assembled actin filaments at endocytic sites as well as arp2-G302Y, indicating that nucleation of actin filaments alone is not sufficient to drive endocytic internalization. We speculate that the structure or integrity of the cortical actin network at endocytic sites is disrupted in Arp3 mutants.
How might Arp3 contribute to actin cortical patch integrity and function? Because Arp3 nucleotide binding influences the conformation of the Arp2/3 complex (Goley et al., 2004) , Arp3 mutants are likely to affect multiple interactions of the Arp2/3 complex, possibly with one or several of the four known yeast NPFs, Las17, Myo3/5, Pan1, and Abp1. Interestingly, Myo5 appears in patches immediately preceding internalization, suggesting that its interaction with the Arp2/3 complex plays an important role in vesicle formation (Jonsdottir and Li, 2004) . Although wild-type, arp2-G302Y, and arp3-G302Y Arp2/3 complexes bound Las17 WCA with similar affinity, conformational changes upon actin filament binding and Arp2 ATP hydrolysis might alter interactions with NPFs subsequent to branch formation Volkmann et al., 2001; Le Clainche et al., 2003; Dayel and Mullins, 2004) . Connections between NPFs and the Arp2/3 complex in Y-branches might anchor branched actin filaments to the plasma membrane allowing forces to be applied for endocytic internalization. In addition, interactions with NPFs could be important for maintaining branched actin filament networks, such as those recently observed in actin structures isolated from yeast (Young et al., 2004) . The phenotype of arp3-G302Y sla2⌬ actin tails, in which clumps of actin appeared to separate from the plasma membrane, supports a defect in the integrity of plasma membrane attachment, actin network integrity, or both. Discontinuous actin comet tails have also been observed for NPF mutant "hopping" Listeria in vivo, and using a reconstituted motility system in vitro, although the molecular basis for this phenomenon is not understood (Lasa et al., 1997; Bernheim-Groswasser et al., 2002) . Further analysis of the molecular interactions of Arp2 and Arp3 mutants is required to determine the mechanism by which Arp3 mutants affect the functionality of actin patches.
Because the arp2-G302Y and arp3-G302Y mutants affected in vitro nucleation activity indistinguishably, the similarities between these mutants provided insight into the function of Arp2/3 complex nucleation. Both mutants exhibited a considerable delay in the onset of actin polymerization at endocytic sites. This delay could have resulted from a lower nucleation rate or a delay in the recruitment of the Arp2/3 complex to endocytic sites. In addition, we cannot rule out the possibility of Arp2/3-independent actin polymerization at these sites. Interestingly, once initiated, the rate of actin assembly at endocytic sites in arp2-G302Y and arp3-G302Y mutants was only slightly lower in otherwise normal cells or in sla2⌬ cells. This observation was similar to the moderate decrease in motility rates for Listeria ActA mutants that significantly decreased in vitro nucleation activity (Skoble et al., 2000) . Therefore, Arp2/3 nucleation activity in these contexts appears more important for initiating actin polymerization than for sustaining it.
In summary, we found that analysis of the yeast endocytic pathway provided a sensitive assay for distinguishing functions of the Arp2/3 complex. The similarity of the effects of our NBP mutants of the yeast Arp2/3 complex to the analogous mutants made in the human Arp2 and Arp3 (Goley et al., 2004) , and similarity in the recruitment of Arp2/3 complex to endocytic sites in yeast and mammalian cells (Kaksonen et al., 2003; Merrifield et al., 2004) , suggest that our findings are directly applicable to the function of the Arp2/3 complex in multicellular eukaryotes.
Materials and methods
Strains, media, and genetic methods
Yeast strains and plasmids used in this study are listed in Tables S2 and S3,  available 
